the solid temperature usually changes much slower than the flow properties.
INTRODUCTION
Propulsion. The pressure, temperature, and velocity of the combustion gas in the leak paths are calculated in SHARP" by solving the time-dependent Navier-Stokes equations while the heat conduction in the solid is modeled by SINDA/G ®. The two codes are coupled by the heat transfer at the solid-gas interface. The number of flow paths and volumes in SFLOW is limited only by the memory of the computer used to run SFLOW.
Although SHARP * can solve one-dimensional, two-dimensionaL, as well as three-dimensional flow problems, the flow inside paths is assumed to be onedimensional in the current version of SFLOW to reduce the CPU time and memory requirements. This is a reasonable approximation due to the fact that leak paths are usually narrow. The solid in SFLOW, however, can be one-dimensional, two-dimensional, as well as threedimensional since it is not always a good approximation to assume the heat conduction in the solid region is one-dimensional, especially when the wall material is metal. This is feasible in terms of CPU time and memory because there is only one equation (i.e., conservation of energy) to solve in the solid region compared to five equations (i.e., conservation of mass, momentum, and energy) needed in the gas region if the flow is modeled as three-dimensional.
Furthermore, a larger time step can be used in the solid calculation than that used in the gas calculation since
The SHARP ® mainprogramis converted into a subroutine so thatit canbecalledfromSINDA/G _. Theinputfor thissubroutine includes theheatflux fromgastowall,frictionfactor oftheflowpath, mass addition duetoerosion, gasproperties, grid,aswellas boundary andinitialconditions whiletheoutput is the pressure, temperature, andvelocity of thegasforeach flowcellata specific timestep. In SFLOW, theflow calculation (i.e.,SHARP ® ) andthesolidcalculation (i.e.,SINDA/G ®)aredecoupled fromeach othersuch thatasmaller timestep canbeapplied inSHARP ®than thatused inSINDA/G ®. Furthermore, SHARP '*canuse more cellsfortheflowsolution than thenumber passed fromSINDA/G ®solidsurfaces. 
GAS DYNAMICS AND THERMAL

MODELING
GAS DYNAMICS MODELING
In SFLOW, the gas can be either in a flow path or a volume (i.e., cavity), which are treated very differently.
The gas in a volume is assumed to be in quasiequilibrium with uniform pressure, temperature, and no velocity whereas that in a path is solved from the first principles (i.e., conservation of mass, momentum and energy).
Gas flow in paths
The transient compressible flow in a path is modeled using SHARP ®, which is a general-purpose CFD code.
SHARP ® solves the Reynolds averaged Navier-Stokes
where the unknowns are Q=A u
In equation (2) 
Friction factor in the flow paths
The friction factor in equation (8) Re. = 20900exp(--_-)
where £ is the roughness of the flow path. The flow is laminar if the Reynolds number is below R%, turbulent if the Reynolds number is above Re¢ , and in the transitional regime if the Reynolds number is between R% and R%. If there are two transitional zones, R% is used to determine which of the two zones the flow is in.
The friction factor in the flow path is then determined based on the flow Reynolds number as:
•
for Re < Re,,
• lbr Re, < Re < Re_, (17) (-0.00172 (Re -Re)2)+ 0.032
Pressure and temperature in volumes
Once the flowfield in the path is solved by SHARP ®, the pressure and temperature in the volumes can be obtained from mass conservation _-(m) = rh, + Erh (18) and energy conservation
where the summation is for all paths which connect to this volume, thand h are the mass flow rate and enthalpy at the end of the path, th e is the rate of mass addition to the gas due to surface erosion, Q is the heat transfer rate from the gas to the solid boundary which includes the convective heat transfer as well as the heat transfer due to erosion, m, P, and T are the mass, pressure and temperature of the gas in this volume, respectively. In addition to equations (18) and (19), the ideal gas law
where V is the volume of the cavity, was used to solve the pressure p, temperature T, and mass m of the volume.
HEAT TRANSFER MODELING
The convective heat transfer between the gas and the solid wall is modeled as
where h is the heat transfer coefficient, A, is the surface area, T_ and T_, are the temperature of the gas and solid wall, respectively. This heat transfer rate is used in both SHARP ® and SINDA/G ® so that the total energy in the system is conserved.
Heat transfer in paths
The heat transfer coefficient in flow paths can be obtained from the Nusselt number as
where k is the thermal conductivity. The Nusselt number depends on both the cross-section shape of the path and the flow regime. If the flow is laminar and the path is circular N,, =4.36 (23) while for rectangular paths
with a and b being the width and height. For turbulent flow, the Nusselt number is calculated using the following empirical correlation
where f is the friction factor calculated from equation (12) through (17), and ,t/B and ,//w are the viscosity evaluated at the average gas temperature and wall temperature, respectively.
In the transitional regime, a linear interpolation between the laminar and turbulent
Nusselt number is applied.
Jet impingement heat transfer
The jet impingement heat transfer correlation used in SFLOW is the same as that in ORING2 and JPR, which depends on the standoff distance to diameter ratio as well as whether the flow is laminar, turbulent, or in the transitional regime. The heat transfer coefficient is obtained fi'om the Stanton number as th h = S, cr,-
where the Reynolds number Re is calculated at the jet exit, T_ is the gas temperature at the jet exit, and Tw is the temperature of the wall surface. For turbulent flow with a standoff distance to jet diameter ratio L ! D < 2.6
while for LID > 2.6
where Le is the Lewis number. The velocity gradient in the above equations is path is from x=0 tox=20 in and the time is from t = 0sec to t = l sec. The velocity at the inlet and outlet from SFLOW are compared with the exact solution in Figure 1 , which shows a very good agreement even though only 20 flow cells are used.
MASS ADDITION
For air entering a frictionless adiabatic 0. l-if-diameter duct with a total pressure of 1708 Ibf/ft z and total temperature of 525°R, it can be shown analytically that the inlet and outlet Mach number will be 0.5 and 0.6, respectively, if 0.021 Ibm/see of air at a temperature of 525°R is added to the flow and the outlet pressure is 1421 Ibf/ft z. SFLOW was used to simulate this test case and the results are shown in Table 3 . With 200 or more flow cells, the error in the inlet Mach number is less than 1.4% while that in the outlet Mach number is less than 0.35%. 35O "X X'X'x X'X_ X'X _ X-X X.X.X X.X.X X.
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Transient
Inlet SFLOW .0 that a better temperature prediction would be obtained by using even more flow cells.
TRANSIENT FLOW WITH FRICTION AND HEAT TRANSFER
It can be shown that for one-dimensional compressible flow in a circular pipe with a heat transfer rate per unit mass of fluid with the valve between the tank and pipe closed. This valve is opened at t--0 and the tank pressure begins to fall.
The SFLOW prediction starts from t--0 using 20 flow cells in the pipe. The comparison of the predicted pressure with the experimental data is shown in Figure   6 , which indicates that the predicted pressure is smaller than the measured data.
The friction in the pipe and heat transfer between the gas and solid walls were neglected in the SFLOW results shown in Figure 6 . Figure 7 shows the results with both friction and heat transfer effects being taken into account, which indicates that a better agreement with experimental data. This volume venting case has also been simulated using ISENTANK iS, which assumes the flow in the path is isentropic. The SFLOW prediction in Figure 6 is very similar to the result from Figure  16 for the pressure, the temperature is 530°R initially and increases to 4900°R at 0.07 sec and then remains at that high temperature). Figure 22 ) and the other just before the secondary O-ring (TI5 in Figure 22 ), together with the measured data at the same locations. As discussed by Figure 24 and Figure   25 compare the SFLOW predictions of the pressures and gas temperatures in the fill bottles with and without heat transfer between the gas and solid. It indicates that, without heat transfer, the fill time is reduced by a/'actor of about three and the gas temperature increases to more than 1,400°R from around 580°R with heat transfer. For these conditions, heat transfer to the solid wall is a significant driver for the problem. 
